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ABSTRACT

- AU 15-95-080

Employing multiple data bases derived from land-mobile satellite measurements using the Ad-
vanced Communications Technology Satellite (ACTS) at 20 GHz, MARECS B-2 at 1.5 GHz, and
helicopter measurements at 870 MHz and 1.5 GHz, the Empirical Road Side Shadowing Model
{ERS) has been extended. The new model (Extended Empirical Roadside Shadowing Model, EERS)
may now be employed at frequencies from UHF to 20 GHz, at elevation angles from 7° to 60° and at
percentages from 1% to 80% (0 dB fade). The EERS distributions are validated against measured
ones and fade deviations associated with the model are assessed. A model is also presented for

. estimating the effects of foliage (or non-foliage) on 20 GHz distributions, given distributions from
deciduous trees devoid of leaves (or in full foliage).

1.0 BACKGROUND

The Empirical Roadside Shadowing (ERS) is a formulation which describes the probability of
exceeding Earth-satellite signal attenuation at frequencies between UHF (870 MHz) and S-Band
(2.7 GHz) due to roadside trees for mobile scenarios [1,2]. This model was derived from systematic
helicopter-mobile and satellite-mobile measurements over approximately 600 km of driving in central
Maryland employing transmitters on helicopter and satellite platforms [2—4]. It corresponds to the
.median of a set of distributions (at fixed elevation angles) which describe roadside tree attenuation
for highway and rural road scenarios with optical tree shadowing (at 45°) ranging between 55% to
75%; implying tree populations of at least this amount over the stretches driven. It corresponds
to a worst case vehicle-satellite pointing aspect; namely, that in which the Earth-satellite path is
orthogonal to the line of roadside trees. It also represents an overall average of various driving
sceparios encompassing right and left lane driving, and opposite directions of travel along tree-lined
highways and rural roads. In the acquisition of the data base, the dominant cause of attenuation was
tree canopy shadowing where multipath fading played only a minimal role. The validity limitations
of the model] are enumerated as follows: (1) The probability range is from 1% to 20%. (2) The

. frequency interval is from 0.87 - 2.7 GHz. (3) The elevation angle range is from 20°-60°. (4) The
population of trees along the road is at least 55% of the distance driven. (5) The aspect of the
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Earth-satellite path is such that it cuts the line of roadside trees approximately orthogonal. An
extended EERS model (EERS) is presented here which expands the first three of the above validity
ranges as follows: (1) The probability interval ranges from 1% to 80%. (2) The frequency interval
is from 0.87-20 GHz. (3) The path elevation angle ranges from 7° to 60°.

In deriving the EERS model, use was made of the original previously developed body of data
at UHF and L-Band in central Maryland as well as more recently developed data bases. The inore
recent data bases correspond to mobile L-Band measurements of transmissions from MARECS
B-2 in western United States [5], static K-Band measurements in Austin, Texas [6], and mobile
K-Band measurements employing transmissions from the Advanced Communications Technology
Satellite (ACTS) [7-9]. These latter measurements were performed during the first six months of
1994 during which a series of four 20 GHz mobile-ACTS campaigns were executed. The campaigns
were performed in central Maryland (March, elevation = 39° ), Austin, Texas (February and May,
elevation = 55°), and Fairbanks, Alaska and environs (June, elevation = 8°) [7-9]. The mobile mea-
surements in Austin, Texas during February and May enabled a determination of fading probability
distributions for non-foliage and foliage conditions, respectively.

2.0 EXPERIMENTAL ASPECTS OF ACTS MOBILE MEASUREMENTS
2.1 CONFIGURATION

In Figre 1 is depicted the general configuration associated with the ACTS mobile propa.gation.
campaign. A CW signal from a tone generator at approximately 3.4 GHz was injected at the up-
converter input of the Link Evaluation Terminal at the NASA Lewis Research Center in Clevelaad,
Ohio. This resulted in an uplink signal of approximately 30 GHz and a downlink transmission at
approximately 20 GHz employing the microwave switch matrix mode of ACTS. These downlink sig-
nals were received at either Austin Texas, Fairbanks Alaska using the steerable antenna or Central
MD employing a spot beam antenna. The EIRP of the spot beam antenna (Central Maryland) was
approximately 9 dB greater than that of the steerable antenna.

2.2 LINK BUDGET

A summary of the link budget parameters is given in Table 1 for the different site locations.
Utilizing a receiving horn antenna with a 1.5 inch aperture, we achieved a beamwidth of 27° and
antenna gain of approximately 16 dB. With a 400 Hz bandwidth, the carrier-to-noise ratios were
in excess of 30 dB in Austin Texas and Alaska and greater than 40 dB in Central Maryland.
Measurements at these locations confirmed these carrier-to-noise ratios.
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2.3 ELEMENTS OF THE ANTENNA TRACKING SYSTEM

The passive tracking system has as major elements an angular rate sensor, a flux gate compass,
a horizontal rotary turn-table and a computer which points the antenna towards the satellite given
the known coordinates of the satellite and the receiver location. Absolute tracking in azimuth is
maintained to within a few degrees. The elevation angle of the antenna was maintained fixed and
preset for the given region of investigation. Because the receiving antenna beamwidth is approxi-
mately 27°, the peak gain variability due to pointing errors was generally less than 1 dB for most
road and city driving conditions.

The antenna and angular rate sensor rest on the rotary table which is driven by a step-motor
system. When the vehicle under the rotary table turns, the rate sensor develops an output voltage
proportional to the angular turn rate. This voltage is integrated to give a “turning angle” voltage
which is fed into a frequency converter whose output gives a series of pulses at a frequency propor-
tional to the turning angle. These pulses and a direction signal are interfaced with the stepping
motor driver such that the rotary table is driven in the direction reducing the turning angle. When
the error angle reduces {o zero, no further pulses are injected into the stepping motor driver. Be-
cause the rate sensor experiences drift, the computer system also senses the drift rate relative to the
average absolute vehicle direction received with a flux-gate compass mounted to the vehicle. It sub-
sequently compensates the drift and the antenna is pointed in the correct direction. An algorithm
mitigates compass errors caused by magnetic anomalies due to roadside structures.

2.4 ELEMENTS OF THE RECEIVER SYSTEM/DATA ACQUISITION SYSTEM

The major elements of the receivér system are a microwave spectrum analyzer, a frequency
synthesizer, the aforementioned antenna tracker system, a low noise frequency downconverter, an
intermediate frequency stage with automatic frequency control (AFC), and a PC-based data ac-
quisition system. Ancillary sensors give vehicle speed and direction. The received signal at 19.914
GHz is downcoverted to an audio frequency centered at 5 KHz +2.5 KHz, where it is injected into
a digital audio tape (DAT) system. The signal is sampled by the DAT system at a rate of 48 kilo-
samples/s with 16 bit digital conversion. Digital signal processing enables correction for Doppler
frequency shift (+ 2 KHz) caused by motion of the vehicle. Subsequent processing also enables the
received signal amplitude and phase levels to be extracted. The time, vehicle speed, and vehicle
direction are stored once per second and the antenna pointing parameters are stored at a 5 Hz rate.

3.0 REVIEW OF EMPIRICAL ROADSIDE SHADOWING MODEL

The ERS model alluded to above, which also is a recommendation of the International Telecom-

munjcation Union, Radio Communication Study Groups (ITU-R) [10), is mathematically formulated
as follows:

A(P,8) = —M(8) InP + N(6) (1)
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where

M(6) =a+b8+c8 @@
N(@)=db+e (3)
and where

a=3.44
b = 0.0975
¢ = —0.002 (4)
d = —0.443
e=34.76

In (1), A(P,8) is the L-Band (f = 1.5 GHz) fade (dB) exceeded at the percentage of driving distance
P for an Earth-satellite elevation angle 8 (deg). The fade is defined relative to non-shadowed and
negligible multipath conditions. The equation had been previously validated in the elevation angle
range between 20° to 60° over the percentage interval 1% to 20%.

Equation (1) had also been extended to include the frequency range between 870 MHz (UHF)
to 2.7 GHz (S-Band) employing the scaling relation

A(f)) = A(fL) GI?:) (5)

where A(f,) is the attenuation (dB) at a different frequency f; (GHz) valid between 0.87 to 2.7 (GHz,
A(fr) is the L-Band attenuation given by (1), and f, is the L-Band frequency (1.5 GHz). .

4.0 EXTENDED EMPIRICAL ROADSIDE SHADOWING MODEL (EERS)
4.1 EXTENDING ERS TO LARGER PERCENTAGES

In examining the original set of distributions at L-Band and UHF with the ERS model, if. was
found that the model may be conveniently extended to higher percentages employing a natural
logarithmic fit which is continuous at the previously limiting 20% level and reaches 0 dB at P =
80%. That is, over the range of P from 20% to 80%, the model has been extended as follows:

A(P,0) = A__(%Q h(%) (6)

The rationale for selecting a logarithmic fit in the 20% to 80% range was based on the observation
that most of the distributions similarly followed this variation. Furthermore, the distributions
reached 0 dB fade in the 70% to 90% interval. Hence 80% was selected as the mid-level. Since
the distributions coalesce in this interval, the exact value of probability (between 70% and 90%)

at 0 dB fade plays an insignificant role. In employing the above fit, it was observed that the
modeled distribution continued to maintain its median characteristic vis-a-vis the other mea.sured.
distributjons.
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In Figures 2 through 5 are shown previously derived sets of distributions in central Maryland at
21° {MARECS B-2), and at 30°, 45°, and 60° (helicopter measurements) {2, 3]. These are compared
with the extended ERS distribution (alternately referred to here as EERS model) at L-Band (thick
solid curve) over the percentage range from 80% to 1%. We note that over the percentage range
between 20% to 80%, the fade differences between the ERS model and the other distributions
monotonically reduce, and the ERS distributions generally maintains its median characteristic. It

should be emphasized that for the realm of percentages greater than 20% (fades < 3 dB), multipath
effects play an important role.

4.2 EXTENDING THE ERS MODEL TO 20 GHZ

In Figure 6 are shown probability distributions derived from static measurements of attepuation
due to the canopy of a Pecan tree in Austin, Texas at L-Band (1.6 GHz) and K-Band (20 GHz)
[6]. In the determination of these distributions, measurements were made from a transmitter on a
tower placed on one side of the tree canopy and a receiver was placed on the opposite side. The
vertical scale in Figure 6 represents the percentage of locations for which the attenuation exceeds the
abscissa value. In deriving these curves, the receiver was placed at different locations such that the
transmitter-receiver path cut different parts of the tree canopy, where at all receiver measurement
aspects the tree optically shadowed the transmitter. An equal-probability frequency scaling function
estimating the fade at the 10% probability at these two frequencies was developed given by

Af;) = A(f) exp {b . [% _ %]} -

where
b=15 (8)

and where A(f;) and A(f;) are the attenuations in dB at frequencies f; and f, (expressed in GHz).
The above formulation shows a fade predictability for the static case (1.6 GHz to 19.6 GHz, and
conversely) to within 0.2 dB at the 10% probability (see circled and triangular points in Figure 6).

We extend the ERS model to frequencies as high as K-Band (20 GHz) and as low as L-Band
(1.6 GHz) employing (7) where
Afe) = A(f) ()

and where A(fy) is given by the left hand side of (1).

In Figure 7 is shown the K-Band distribution (elevation angle = 55°) for an 8.25 km run along
an evergreen tree-lined road in Bastrop, Texas. The Earth-satellite path generally cut the line of
roadside trees, on average, at an angle of 57°. The population of trees were in excess of 55%,
where there were many segments of road where the trees formed tunnels of foliage overhead. Also
shown plotted is the EERS model (dashed curve). We note that the EERS model underestimates
the fade by at most 5 dB for probabilities between 1% and 20%. This deviation is within the
variabilities expected in comparing the EERS model with measured distributions as exemplified in
Figures 2-5 for the ERS model. The underestimation of the EERS model in Figure 7 at the smaller
probabiliteis is caused by the prevalence of foliage tunnels giving a greater likelihood of fading at
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the higher elevation angles. Further validation examples related to extending the ERS model to 20
GHz is given in Section 4.4. .

4.3 EXTENDING THE ERS MODEL TO LOW ELEVATION ANGLES

Extending ERS to elevation angles smaller than 20° is a complex task for the following reatons:
(1) The ERS model tacitly assumes that the canopies of single tree shadows the Earth-satellite
path. At lower angles, there is a greater likelihood that the path may cut the canopies of multiple
trees or multiple tree trunks. (2} At smaller angles there is a greater likelihood that the terrain
itself may block the Earth-satellite path creating high attenuation. (3) Ground multipath may be
a factor. Based upon empirical experience for cases where the above caveats do not arise, it has
been found that with good approximation, the ERS model at 20° elevation gives similar results to
that at 7° or 8°. The rationale for this is that at 20° elevation the Earth-satellite path is already
passing through the lower part of the tree canopies. Reducing the path elevation angle is likely to
result in attenuation caused by tree trunks which may tend to mitigate the path attenuation. On
the other hand, attenuation effects may increase because of fading from those tree canopies vhich
are further offset from the road (as was the case in Alaska). The combination of these two effects
may result in the median fade statistics to be relatively invariant to angles below 20°, although
larger deviations about the median are expected because of the breakdown of the aforementioned
underlying assumptions.

In Figure 8 is shown an L-Band (1.5 GHz) cumulative fade distribution corresponding to a
tree-lined road along an approximate 16 km stretch of road in Washington State (elevation anzle *-'.
7°), where the satellite path was orthogonal to the line of trees [5]. Also plotted (dashed curve) is

the EERS model employing the assumption that the 20° fade is the same as that at 7°. The EERS
distribution agrees with the measured distribution to within 2 dB for percentages smaller than 10%
and larger than 50%, and is within § dB for the other percentage levels. The above deviztions

are comparable to those obtained when comparing the ERS model with L-Band distributions from
multiple runs in central Maryland (Figures 2-5).

In Figure 9 are shown a set of K-Band distributions (elevation = 8°) derived from ACTS mezsure-
ments in Alaska corresponding to different roads in which the Earth-satellite path was orthogonal
to the line of roadside trees. Also shown is the EERS model. We note that the EERS model
maintains its median characteristic, although the variability about the median is large. The low
angle distributions are shown to vary considerably because of the reasons enumerated above, with
the high probability fades caused by terrain blockage and multiple trees along the Earth-satellite
path.

4.4 VALIDATING THE EERS MODEL IN CENTRAL MARYLAND AT K-BAND

The difficulty in validating the EERS model in central Maryland employing the ACTS 1nobile
measurements is that this data base was obtained during March when the deciduous tree: were
without foliage. A quasi-validation may however be made by converting a non-foliage run to .
foliage case using a foliage conversion model described in the following paragraphs.
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4.4.1 MODELING THE EFFECTS OF FOLIAGE AT 20 GHZ

In Figure 10 is shown a cumulative fade distribution (dashed curve) for an approximate 1 km
segment of road driven in Austin, Texas during February when the trees (primarily Pecan) were
devoid of leaves. Also shown is a distribution (solid curve) derived from a mobile run during May
when the trees were in full foliage. The direction of travel for these run was approximately orthogonal
to the satellite pointing direction, which represents a worst case fading situation. Furthermore, the
optical blockage to the satellite during the full foliage period was estimated to be in excess of 55%.

Performmg a least square fit associated with equal probability levels of the a.ttenua.tlons for the
two curves in Figure 10, the following relation was determined:

A(Foliage) = a + b - A(NoFoliage)® (10)
where
a=0.351
b = 6.8253 11)
c = .5776
and where
1 £ A(NoFoliage) <15 dB (12)
and
8 < A(Foliage) < 32 dB (13)

Plots of the above mathematical fit at the equal probability levels show agreement to within 0.1 dB
when compared to the measured distributions in Figure 10. Figure 11 represents an independent
validation of the above foliage formulation. The solid curves represent the foliage and non-foliage
static distributions at 19.6 GHz for the Pecan measurements aliuded to previously relative to Figure
6. The dashed curves represent the predicted levels using the formulation given by (10). That is,
the dashed curve on the right is the predicted level of A(Foliage) where equal probabilities of A(No
Foliage) as given by the left solid curve was injected into (10). The left dashed curve represents the
predicted levels of the A(No Foliage), where the measured levels of A(Foliage) as given by the right

solid curve values were injected into (10). The formulation (10) generally produces agreement to
within 1 dB or smaller over most of the probability range.

4.4.2 COMPARISON OF EERS MODEL WITH K-BAND MEASUREMENTS IN CENTRAL
MARYLAND

In Figure 12 is shown a plot of a K-Band mobile measurements employing transmission from
ACTS in March 1994 for Route 108 (traveling south-west). The solid curve to the left (with circled
points) represents the actual measured distribution for the case in which the deciduous trees were
without leaves. For this case, the satellite was on the left and the Earth-satellite path frequently cut
the line of roadside trees at near orthogonal angles. Shown also is the right solid line distribution
derived by applying the foliage formulation (10). This adjusted distribution thus represents a
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predictor of the full foliage case. Also shown is the EERS distribution at K-Band (dashed cu:ve).
We observe that the EERS distribution deviates from the adjusted measured distribution to within.
5 dB and less.

The dot-dashed curve in Figure 12 was derived from previous L-Band helicopter measurements
in June 1987 [3] employing the following procedures: (1) Distributions were examined which corre-
sponded to the same scenario as for the K-Band measurements; namely, the vehicle was travaling
in the southwest direction and the helicopter was on the left. {2) A resultant 39° distribution was
derived by interpolating the 45° and the 30° distributions at L-Band. (3) The L-Band distribution
was extended to K-Band employing (7). We note that relatively close agreement exists between the
adjusted distribution (based on helicopter measurements), the adjusted ACTS distribution, and the
EERS model.

5.0 SUMMARY AND CONCLUSIONS

A revised empirical roadside shadowing model has been derived which extends the previous
ERS model such that it is now applicable to frequencies as high as 20 GHz and as low as 870 MHz.
This model, now referred to as the extended empirical roadside shadowing model {EERS), may
be applied to percentages from 1% to 80% and to elevation angles ranging from 7° to 60°. The
model is representative of a median distribution of measured data which deviates from measured
distributions generally to within +5 dB at elevation angles above 20° (Figures 2-5, 7,8,12). At low
elevation angles (Figure 9), terrain blockage and multiple tree attenuation may be prevalent an
bence the deviation relative to the EERS model may be substantially larger.

To validate the EERS model in central Maryland, an empirical formulation was developed re-
lating equal probability fades associated with distributions corresponding to foliage and non-foliage
cases (equation (10)). This formnlation was independently validated when applied to distribu:tions

for foliage and non-foliage scenarios associated with a Pecan tree employing static measureinents
at 20 GHz (Figure 11).

The EERS may be applied as follows: [1] We start with equation (1) which is the appropriate
distribution model at L-Band in combination with (6), which extends the model from 20% to 80%
over the elevation angle range between 20° and 60°. [2] To estimate distributions between the
elevation angles of 7° and 20°, assume the value of A(P,0) at 20°. {3} To extend the distribution to
higher frequencies, apply the formulation (7), where A(f1) = A(fL) = A(P,8), and where A(P,8) is
given by (1). [4] To extend the L-Band distribution to lower frequencies {e.g., 870 MHz), greater
accuracy may be achjeved using (2) and the formulation (5).

6.0 ACKNOWLEDGEMENTS

This work was supported by NASA Lewis Research Center, Cleveland, Ohio and the NASA
Propagation Program under Contract N00039-94-C-0001 for the Applied Physics Laboratory, The
Johns Hopkins University, and contracts NAS3-26403 and JPL956520 for the Electrical Engineeri
Research Laboratory, The University of Texas at Austin.

Propagation 8 8



7.0 REFERENCES

1. Goldhirsh, J.; and Vogel, W. J.: Propagation Effects for Land Mobile Satellite Systems: Overview
of Experimental and Modeling Results NASA Reference Publication 1274, (Office of Manage-
ment, Scientific and Technical Information Program), February, 1992.

2. Vogel, W. J.; and Goldhirsh, J: Mobile Satellite System Propagation Measurements at L-Band
Using MARECS-B2, IEEE Trens. Antennas Propagat., Vol. AP-38, No. 2, Feb.. 1990, pp.
259-264.

8. Goldhirsh, J.; and Vogel, W. J.: Mobile Satellite System Fade Statistics for Shadowing and
Multipath from Roadside Trees at UHF and L-band, IEEE Trans. Antennas Propagat., Vol.
AP-37, No. 4, April, 1989 pp. 489-498.

4. Vogel, W. J.; Goldhirsh, J.; and Hase, Y.: Land-Mobile-Satellite Fade Measurements in Aus-
tralia, ATAA Journal of Spacecraft and Rockets, Vol. 289, No. 1, Jan-Feb, 1992, pp. 123-128.

5. Vogel, W. J.; and Goldhirsh, J.: Multipath Fading at L Band for Low Elevation Angle, Land
Mobile Satellite Scenarios, IEEE Journal on Selected Areas in Communications, Vol. 13, No.
2, Feb., 1995, pp. 197-204.

6. Vogel, W. J.; and Goldhirsh, J: Earth-Satellite Tree Attenuation at 20 GHz: Foliage Effects,
Electronics Letters, Vol. 29, No. 18, 2nd September, 1993, pp. 1640-1641.

7. Goldhirsh, J.; Vogel, W. J.; and Torrence, G. W.: Mobile Propagation Measurements in the U.S.
at 20 GHz Using ACTS, International Conference on Antennas and Propagation (ICAP 95),
Vol. 2, Conference Publication No. 407, Eindhoven, The Netherlands, 1995, pp. 381-386.

8. Goldhirsh, J.; Vogel, W. J.; and Torrence, G. W.: ACTS Mobile Propagation Campaign, Pro-
ceeding of the Eighteenth NASA Propagation Ezperimenters Meeting (NAPEX XVIII) and the
Advanced Communications Technology Satellite (ACTS) Propagation Studies Miniworkshop,
Vancouver, British Columbia, June 16-17, (JPL Publication 94-19), 1994, pp. 135-150.

9. Vogel, W.J_; G. W. Torrence; and Goldhirsh, J: ACTS 20 GHz Mobile Propagation Campaign in
Alaska, Presentations of the Sizth ACTS Propagation Studies Workshop (APSW VI), Sher-

aton Sand Key Resort, Clearwater Beach Florida, November 28-30, (JPL Publication JPL
D-12350), 1994, pp. 283-204.

10, International Telecommunication Union, Radio Communications Study Groups: Propagation

Data Required for the Design of Earth-Space Land Mobile Telecommunication Systems, ITU-
R Document 5/BL/4{2-E, 15 March 1994.

Propagation 8 9



Table 1: ACTS 1994 mobile propagation link budgets.

PARAMETER BOTH| TX MD AK
SITES | Austin | Central | Fairbanks
Satellite:
Longitude (°W) 100
Downlink Frequency (GHz) 19.914
Uplink Frequency (GHz) 29.634
Polarization Vertical
 Receiver Geometry:
Latitude (°)N 304 | 39.25 65.0
Longitude (°)W 97.7 77.0 147.7
Elevation (°) 54.5 38.7 7.9
Azimuth (°) 1845 | 213.9 129.5
Receiver Parameters:
Polarization Circular
Antenna Efficiency 0.6
Antenna Diameter (in) 1.5
Antenna Gain (dB) 15.8
Beamwidth (°) 27
System Temperature K 430
Link Budget:
EIRP (dBW) 56 65 56
Polarization Loss (dB) 3
Free Space Loss (dB) —200.7 | —2100 | -210.6
Atmospheric Gas Loss (dB) 0.4 0.5 2.2
Radome Loss (dB) 2.0
Mobile G/T (dB/K) —10.5
Signal Power Received (dBW) —143.3 | —-134.7 —146.0
Noise Power (dBW /Hz) —202.2
Carrier/Noise (dB per Hz) 58.9 67.5 56.2
Carrier/Noise (dB; 400 Hz) 32.9 415 30.2
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f = 19.914 GHz2
f=29.634 GHz

Upconverter Input

‘Tone Generator -
f=3373GHz

NASA LeRC
Fairbanks, Alaska Cleveland, Ohio
Steerable Antenna
EIRP = 56 dBW
El=179"

Figure 1: Experimental configuration for the ACTS mobile propagation campaign.
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Figure 4: Helicopter-mobile fade distributions at L-Band in Central Maryland (elevation = 45°)
and comparison with EERS model (thick solid curve).
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10% probability using the formulation (7). é
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Figure 7: ACTS-mobile fade distribution at an elevation angle of 55° (solid curve) at 20 GHz

. for an 8.25 km tree-lined stretch of road in Bastrop, Maryland. Dashed curve is EERS predicted
distribution.
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Figure 8: MARECS B2-mobile fade distribution at 1.5 GHz at elevation angle of 7° in Wastington
State over a 16 km tree-lined stretch (solid curve) [5]. Dashed curve is EERS predicted distributio
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Figure 9:. ACTS-mobile fade distributions in and around Fairbanks, Alaska (elevation angle = 8°)
. [7,9). Thick sold curve is EERS predicted distribution.
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Figure 10: ACTS-mobile fade distributions at 20 GHz {elevation angle = 55°) in Austin, Texas with
foliage (solid curve) and without foliage (dashed curve) for a 1 km stretch of a tree lined street.
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Figure 11: Fade distributions at 19.6 GHz derived from static measurements of a Pecan tree in

. Austin, Texas for foliage (right solid curve) and non-foliage (left solid curve) sceparios. Dashed
curves are predicted distributions using the formulation (10).
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Figure 12: [1] The left solid curve with circled points represents the 20 GHz ACTS-mobile fade
distributions for Route 108 (traveling S-W) during period in which trees were without leaves. [2]
The right solid curve is the corresponding distribution when adjusted for foliage using (10). '3] T
dot-dashed curve is the 20 GHz distribution obtained by frequency extending the belicopter 1.-Ba
distribution using (7). [4] The dashed curve is the predicted EERS distribution.
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